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In order to perform long term missions with multiple objectives using a single space vehicle, there is a need to 
develop a highly efficient propulsion-navigation system that enables multi-mission capabilities, point-to-point operation 
and an extended operational lifetime. The majority of space propulsion systems are fuel-based and require the vehicle to 
carry and consume fuel as part of the mission. Once the fuel is consumed, the mission is terminated. Alternatively, a 
method that derives its acceleration, velocity and direction from solar photon pressure using a solar sail to capture 
photon momentum would eliminate the requirement of fuel and all the fuel-based propulsion components. The most 
important factors that govern the solar sail spacecraft’s characteristic acceleration are the sail loading (how much total 
mass the solar sail has to carry) and the exposed sail area. 
 
This paper introduces several potential mission concepts that can be achieved using heliogyro-configured solar sail 
spacecraft. It then presents 30 potential configurations of heliogyro small spacecraft solar sail and design concepts, based 
on CubeSat-scale units from 6U to 48U (1U = a cube 10 cm on each side). The area of the sail and total CubeSat masses 
are used to calculate their characteristic accelerations, and these accelerations are equated to those of previous spacecraft 
using solar sail technologies; IKAROS, NanoSail-D and LightSail. The analyses in this paper predict that out of these 30 
configurations, the 12U-4B(a) configuration has the maximum and the 45U-6B(a) configuration has the minimum 
characteristic accelerations of 190 and 70 times higher than the IKAROS, 49 and 18 times higher than the NanoSail-D, 
and 16 and 6 times higher than LightSail, respectively. Several blade deployment configurations, the “jelly roll”, and a 
hybrid heliogyro-jelly roll are introduced and compared to the standard “reel” configuration. The hybrid configurations 
are predicted to produce higher characteristic accelerations than the jelly roll configurations. The analyses of heliogyro 
configurations suggest that the amount of payload units (non-sail) when compared to the whole spacecraft allowable 
units should be less than 40% and the optimized amount, i.e. no empty payload units, is approximately 33% to produce 
characteristic accelerations > 0.7 mm/s2. For the hybrid configuration, the results suggests that the number of payload 
units should be between 30 – 40% of the total units to produce a characteristic acceleration > 0.8 mm/s2.   
 
1. INTRODUCTION 
 
The idea of using solar photon pressure to propel spacecraft instead of using fuel was initiated in the 1920s by 
Tsiolkovsky and Tsander. Tsander1 proposed practical solar sailing in 1924 and his idea was inspired by 
Tsiolkovsky’s idea of using light to propel a spacecraft in 19212. Garwin further explored the concept of solar sailing 
in 19583. 
 
Here, the solar sail thin film receives momentum transfer from the Sun via solar radiation pressure. The solar 
radiation pressure can be described by two physics-based phenomena, quantum and electromagnetics. The quantum 
phenomena can be illustrated as momentum transfer, where solar photons impact the solar sail surface, transferring 
their momentum to the solar sail film. Since the solar sail film is coated with a highly reflective material, such as 
aluminum, the second transfer of momentum occurs when the solar photons reflect or scatter off the coated surface. 
For the electromagnetic phenomena, the radiation is transferred from the Sun through space via electromagnetic 
(EM) waves. Similar to the quantum phenomena, the EM wave exerts pressure on the solar sail film at two events, 
where the radiation pressure is the energy density of the EM wave. The first impulse is when the electromagnetic 
wave is partially absorbed at the solar sail surface, and the second is when the electromagnetic wave is reflected from 
the solar sail film. It is these types of momentum transfers that propel the solar sail spacecraft. 
 
Despite the failed sail membrane deployment of the Znamya-2.5 spacecraft in 19934, several subsequent missions 
have successfully demonstrated the solar sail concept. IKAROS was launched in 2010 by Japan Aerospace 
Exploration Agency (JAXA) to demonstrate solar sail deployment, acceleration and attitude control5. IKAROS was a 
spinning cable-mast square shaped solar sail with an area of 200 m2. During the same year, a 3U CubeSat NanoSail-
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D was launched to demonstrate solar sail deployment but without attitude control6. Another 3U CubeSat, LightSail7 
was launched on May 20th, 2015, again demonstrating masted deployment. The LightSail had a 32 m2 square-shaped 
solar sail area. 
 
These circular-shaped and square sails require masts to rigidize and keep them taut during deployment and 
operation. However, as sail size increases, the sail requires larger, longer booms resulting in increased mass, complex 
folding geometries, and chaotic uncontrollable deployment8. MacNeal9, 10 theorized that the heliogyro-configured 
solar sail architecture would be lighter, cheaper, less complex, and a more reliable alternative when deploying a large 
sail area versus the current masted sails, or the folding geometry required for continuous square or circular sails. 
With a heliogyro, the sail membrane is stowed as a roll of thin film, that when deployed, forms a blade that extends 
outward. Thus, a benefit of using a heliogyro-configured solar sail propulsion technology is scalability11, 12. Studies 
have shown that interplanetary travel, station-keeping and sample return missions are achievable by the heliogyro 
solar sail concept9, 10, 13.  
 
Potential missions from Solar Sail and Heliogyro Solar Sail 
 
Due to the very thin and flexible characteristic of the solar sail material, the solar sails are not suitable for low 
Earth orbit due to aerodynamic effects, or close planetary observation due to gravitational perturbation. The 
recommended practical Earth altitude for solar sail operation is at least ~1200 km9, 12. Thus, if the solar sail is 
orbiting at a low altitude, the solar sail will experience drag and eventually de-orbit. However; studies of missions to 
de-orbit satellites from the low earth orbit using a low-cost cubesail14 have proven by analysis that using a solar sail 
is a more cost effective approach than carrying extra fuel to achieve the same goal14, 15. 
 
The Lagrange points are locations where a spacecraft will remain in a stationary proximity with respect to the 
Earth and the Sun, because of the very low counteracting gravitational forces at this point. The L1 point sunward of 
the Earth is a favored location for solar physics (heliophysics) missions. The Geostorm (or Heliostorm) Warning 
mission is an example of a unique station-keeping concept to study and investigate the space weather (solar wind) 
that leads to geomagnetic storms16. The goal of these missions is to provide early warning of solar storms to allow 
enough time for preventive action prior to these storms reaching spacecraft, such as satellites and crew capsules, and 
Earth infrastructure, overloading of power grids and disrupting communications17, 18. Examples of a Geostorm 
category missions are the Sunjammer mission19 and NASA's Advanced Composition Explorer (ACE) Mission. The 
ACE Mission can provide advanced warning (about one hour) of geomagnetic storms, by orbiting the Sun-Earth 
Lagrange point18. Solar sail spacecraft would move this point closer to the Sun by counteracting solar gravity with 
sail thrust, possibly providing an additional 1-2 hours warning20, 21, 22, 23. Another example of a heliophysics mission 
is the Solar Polar Sail Mission24. Its primary goals are to investigate the solar wind, solar magnetic fields, study 
coronal mass ejections (CMEs) and imaging the Sun from high-latitude regions towards the Sun’s solar poles. 
Investigation from this high latitude allows out-of-plane solar polar magnetic fields and solar wind to be fully 
investigated when compared to solar images obtained from the Earth or spacecraft in close proximity to the ecliptic 
plane. More accurate information is obtained when the images are taken away from the Sun-Earth line as the image 
background is dark. Heliogyro solar sail spacecraft are good candidates for the station-keeping missions versus 
conventional spacecraft, because this type of solar sail provides unlimited changes of velocity (Δv) to keep the 
spacecraft stationary. Masted solar sails cannot change their velocity as they cannot readjust their sail area, and 
conventional spacecraft require consumable fuel to produce the velocity required to maintain their proximity.  In 
fact, as long as there is solar pressure to balance the gravitational force, preferred points like L1 are no longer 
relevant as the heliogyro can adjust its blade area, thereby producing station-keeping at most any point in the solar 
system. 
 
Another mission suited for the extended observation time unique to solar sails involves asteroid mapping and 
tracking. There are 685,732 minor planets discovered at the Smithsonian's Minor Planet Center and about 12,835 of 
the identified ones are categorized as Near Earth Objects (NEOs)25. Of these, there are 12,738 registered as close 
approach unusual objects, and 1593 registered as predicted encounters by Potentially Hazardous Asteroids (PHAs) to 
within 0.05 AU of the earth from the beginning of 2015 through 217826. The number of PHAs and close approach 
unusual objects increases every week; as of June 14th, 2015, there were 1,593 PHAs and 12,738 close approach 
unusual objects registered, and on July 30th, 2015, there were 1,604 registered as PHAs and 12,824 registered as 
close approach unusual objects. There are still hundreds of thousands more asteroids hidden by the sun in the blind 
spot, and it is estimated that about 1,000 NEOs are larger than half a mile diameter which can devastate our planet27. 
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On February 15, 2013, a 19 meter long meteor exploded over the city of Chelyabinsk, Russia. The inability to detect 
the onset of this event caused more than 1,200 injures. A network of solar sail spacecraft could be used to observe 
and detect these NEOs in addition to the International Asteroid Warning Network28 that uses a network of telescopes 
on Earth to detect asteroids. These networks provide enough early warning to allow for preemptive action to protect 
from or redirect the meteoroid before becoming a meteor. These solar sail spacecraft can operate as long as the 
subsystem lifetime allows, because the unlimited solar photon pressure can be used for maneuvers or station-
keeping.  If additional means of NEO detection were available, un-detected events, such as the meteorite explosion 
on February 15, 2013 might have resulted in a lower number of injures and less damage. 
 
This paper presents 30 heliogyro configurations of solar sail spacecraft, based on CubeSat form factor, from 6U 
to 48U. The CubeSat form factor was chosen, instead of using unconstrained spacecraft mass/volume as the design 
reference, for the ease of understanding how the solar sail propulsion system units could be configured and added to 
a payload platform affording a convenient rectangular platform. In addition to the 30 heliogyro configurations, two 
new configurations to stow and deploy the solar sail are introduced, one is called a jelly roll solar sail and another 
one is a hybrid that combines the jelly roll and reel configurations. The paper then follows with performance 
comparisons between these three configurations to serve the needs of potential missions.     
 
2. HELIOGYRO SOLAR SAIL CONCEPTS 
 
A Heliogyro solar sail is composed of two or more solar sail blades. When in space, the spacecraft rotates and 
these solar sail thin film blades are reeled out, with motor assist, due to centrifugal force on the spacecraft. Once the 
solar sail is fully reeled out, the spacecraft maintains its rotational momentum, like a gyroscope, to maintain the 
stability and rigidity of the solar sail blades. 
 
A configuration of a two-bladed Heliogyro solar sail using a 6U CubeSat form factor is presented in the first part 
of this section, then a rough sketch of the other 30 designs of solar sail spacecraft ranging from 6U to 48U CubeSat 
form factor are presented. Next, the jelly roll-formed solar sail spacecraft ranging from a 2U (1U deployer unit + 1U 
payload unit) with increments of 2U are introduced, and a combination of a reel-type deployer and a jelly roll 
deployer, “a hybrid” is introduced. The solar sail deployment and propulsion unit29 is designed to be a stand-alone 
non-chemical in-space propulsion module that can be integrated into different spacecraft dimensions and 
configurations without altering major spacecraft design concepts. These 30 configurations serve as examples to 
potential users to envision what applications they can adapt using these configurations. This section is then followed 
by an explanation of solar sail roll, extended length, and area calculations. 
 
Heliogyro-configured Solar Sail Spacecraft: 6U CubeSat Scale 
 
A 1U CubeSat unit has the dimensions of 100 x 100 x 100 mm and a weight limitation of 1.33 kg (3 lbs. per U)30. 
This weight limitation was used for all calculations of the spacecraft total weight throughout this paper. A 6U 
CubeSat has three 2Us CubeSat attached along at least one 2U face wherein the 2U CubeSat measures 100 x 200 x 
100 mm. Two rolls of solar sail blades are accommodated in each of the 2U outer units of the 6U CubeSat, denoted 
as a solar sail propulsion unit or solar sail unit. In addition, this propulsion unit accommodates motor control 
electronics, rechargeable batteries and other subcomponents associated with solar sail operation.  This limits the 
theoretical size of the spool and the sail blade membrane. The central 2U unit is envisioned to house the 
communication/Data Handling/Altitude Determination and Control System (ADCS)/Electrical Power System 
(EPS)/experimental instrument package/ etc., Fig. 1. Each solar sail reel is mounted to the satellite wall via a bearing 
and a motor. This concept allows a motor to deploy and retract the solar sail blade. When the spacecraft door is 
opened, a solar sail is deployed as shown in Fig. 2. 
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Figure 1 6U CubeSat with two deployment mechanisms 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This 6U form factor was designed as a Heliogyro solar sail deployment technology demonstrator with the design 
concepts29 of: 1) a right angle gearhead motor used to assist the solar sail deployment/retraction, 2) a resettable blade 
locking/releasing mechanism and 3) solar sail anti-jamming technology. Sub-components for the solar sail 
propulsion unit are shown in Table 1. These design concepts can be adapted to other configurations. The anti-
jamming of the solar sail during deployment/retraction can be done by synchronizing the solar sail linear speed at the 
exit of the spacecraft to the motor rotational speed. The linear speed of the solar sail is determined by a photodiode 
linear speed sensor. This, and the measured torque on the motor, will prevent the solar sail blades from being pulled 
beyond their tensile strength, deployed or retracted at the wrong speeds, or jamming the solar sail due to mismatched 
deployment/retraction speeds of the solar sail blades. Uncooled microbolometers are used to detect the temperature 
on the solar sail. If the solar sails experience excessive temperatures, they can be retracted back into the solar sail 
units to cool down. 
 
Components Vendor 
Right Angle Gearhead Deployment Motors CDA Intercorp, USA 
Door Release Mechanism Avior Control Technologies, Inc, USA 
Photodiode Linear Speed Sensor Aeroflex, USA 
Coated Solar Sail 2 μm thick Astral, USA 
Uncooled Microbolometer Sofradir EC, Inc., USA 
Hybrid-Ceramic Bearings CEROBEAR GmbH, Germany 
Batteries Clyde Space, UK 
Solar Panels Vanguard Space Technologies, USA 
Table 1 Shows subcomponents for a solar sail propulsion unit in a 2U scale length unit. The solar sail thin film 
properties are shown in Table 2. 
 
 
Fig. 2: Extended solar sails with tip masses at the two ends. 
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Solar Sail Material/Geometric Properties 
Thickness (t) 2 μm 
Density 1.36 [g/ cm3] 
Table 2 Solar Sail Material Properties (polyethylene naphthalate). 
 
A metallized thin film solar sail blade (2 μm thick) is wrapped around a shaft. As the shaft is rotated, the blade is 
deployed outward or retracted depending on the rotational direction of the shaft or reel. For an ideal case, it is 
estimated that the inner shaft diameter (d) of the solar sail roll is 10 mm for a 1U – 3U solar sail unit length and 15 
mm for a 4U – 8U sail unit. This increase in the diameter of the shaft reel is to counteract the increased mass of the 
solar sail roll as the width increases. The solar sail outer roll diameter (D) is approximately 80 mm as shown in Fig. 
3. The pertinent solar sail material and geometric properties are shown in Table 2. It is estimated for an ideal case 
that the solar sail roll is 145 mm wide (W) along the 2U spacecraft length, (discussed in11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The total area of a single solar sail roll when it is rolled onto a spindle, area ‘A’ in Fig. 3, can be determined from  
the outer diameter of the sail roll and the inner diameter of the sail roll, and must be equal to the solar sail length 
times its thickness, Equation [1] 
 
 
      
 
 
where, ‘L’ is the solar sail length, ‘t’ is the solar sail thickness, ‘D’ is the solar sail roll outer diameter and ‘d’ is the 
solar sail roll inner diameter which is equal to the shaft outer diameter. Assuming that there is no air gap between the 
adjacent sail layers, the length of the solar sail when fully deployed can be calculated from Equation [2] 
 
     
      
 
 
 
The width of the solar sail roll depends on several parameters such as the bearing width, length of the CubeSat 
units into which the solar sail roll is installed and the commercial right angle gearhead motor plus its mounting 
bracket. The right angle gearhead motor is considered in this application instead of an in-line motor because of the 
limited space11. The width of the right angle gearhead varies, and depends on the required operational torque to 
unfurl/retract the solar sail out/in from the spool. Calculation of the required torque can be found in11. The authors 
chose the right angle gearhead motor from CDA Intercorp31, Table 1, because of its availability in miniature scale 
with flight heritage. When the total width of the CubeSat unit is 1U and 2U, the gearhead type required from CDA 
Intercorp is denoted “AR” 31. When the total width of the CubeSat unit is 3U - 8U wide, the right angle gearhead type 
required from CDA Intercorp is denoted “CR” 31. These differentiate the solar sail roll width and affect the 
percentage of the solar sail area. For a 1U and 2U solar sail width configuration, the solar sail area is 70% - 72% of 
the full CubeSat propulsion unit width. For 3U and 4U, the percentage of the solar sail area is approximately 85% of 
Fig. 3 A solar sail roll with an outer diameter of 80 mm and an inner diameter of 10 mm. ‘D’ and ‘d' represent outer 
and inner diameters of the solar sail roll, respectively. 'W' is the width of the solar sail roll. 
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the full CubeSat propulsion unit width. For 5U - 8U, the percentage of the solar sail area is approximately 90-92% of 
the full CubeSat propulsion unit width. The design requirements are: 
 
1) the solar sail roll height is limited to 1U to fix the full extended sail length for control simplicity under 
dynamic condition and to lower the solar sail roll weight the spindle shaft has to carry. This 1U height allows a solar 
sail roll outer diameter of 80 mm.  
2) avoid numbers of separate payload units to allow better manageable units for large subcomponents/payloads  
3) at least one set of opposing faces cannot be larger than 9U (3Ux3U) 
4) must have a rotational axis of symmetry perpendicular to the sail blade 
5) no overlapping of the projected solar sail areas when they are vertically configured at different levels 
6) no degenerative designs considered 
7) no point, only an axis of rotation 
8) no repetitive stacking and claiming new unique configurations  
9) allow reasonable redundancy of the solar sail blades 
 
All 30 solar sail symmetrically balanced configurations are shown in Fig. 4 to Fig. 7. Different locations for 
payloads on the spacecraft allow various types of scientific experiments. Those configurations with a very small 
space left for the electronic unit may not be suitable for large scientific experiments, but they can serve as an 
additional non-chemical in-space propulsion system for future satellites/spacecraft that might require additional 
propulsion once deployed, or to de-orbit at the end of service. Moreover, these units can be brought up in space and 
docked to the satellites already in orbit for the same purpose. An example of the 6U CubeSat configuration described 
above is a 6U-2B(a), Fig. 4. The 6U series is a conceptual design for Heliogyro solar sail spacecraft technology 
demonstrations where the payload units shown are expected to house electronics, and spacecraft control and 
communication subsystems. Configurations having more than two blades, such as four blades or higher, are more 
advantageous than two blades. Should one or two blades get ruptured, the other blade, opposing the damaged one, 
can be released/reeled back, making the heliogyro once again symmetric,  balanced, and still functional. Thus, 
payloads can be accommodated in different configurations as long as the solar sail configurations are balanced such 
as 30U-6B(a), 36U-6B(a), 42U-6B(a), 45U-6B(a) and 48U-6B(a) etc.   
 
Besides the methods to stow a solar sail roll shown in Fig. 4 to Fig. 7, a solar sail can also be stowed in a jelly roll 
form, Fig. 8 and Fig. 9. The area of such a sail can be calculated using Equation 1 realizing that the sail will protrude 
from both sides at half the total length on each side. Two solar sail blades are co-axially rolled similar to a jelly roll 
and the two blades are deployed/retracted simultaneously while the spacecraft spins perpendicularly to the blade 
surfaces.  The configuration is incremented every 2U along the solar sail width, making 10U, 12U, 14U etc. 
depending upon available motors to meet the torque requirements. The disadvantage of these jelly roll 2U-JR, 4U-
JR, 6U-JR etc. configurations is that the blades have no redundancy, and these types of heliogyro cannot be steered 
through blade manipulation. To introduce the ability to steer the jelly roll configuration, a hybrid configuration, 
which is a reel and a jelly roll configuration, is introduced as shown in 8U(a)-JR and 10U(a)-JR, Fig. 9. The size of 
the hybrid heliogyro-configuration can be increased every 2U along the jelly roll solar sail width and the heliogyro 
units can be introduced at the two ends of the top half as shown in Fig. 9. The minimum hybrid configuration is 8U 
to allow sufficient payload units for communication and other spacecraft control units. 
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Fig. 4: Solar sail configurations from 6U-2B(a)  to 12U-6B(a). Green blocks represent payload 
unit(s) that can be used for electronics/controller and other scientific payloads, purple blocks 
represent solar sail units and yellow rectangular plates represent solar sails when extended. 
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Fig. 5: Solar sail configurations from 18U-2B(a) to 24U-4B(b). Green blocks represent 
payload unit(s) that can be used for electronics/controller and other scientific payloads, purple 
blocks represent solar sail units and yellow rectangular plates represent solar sails when 
extended. 
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Fig. 6: Solar sail configurations from 24U-4B(c) to 36U-6B(a). Green blocks represent 
payload unit(s) that can be used for electronics/controller and other scientific payloads, purple 
blocks represent solar sail units and yellow rectangular plates represent solar sails when 
extended. 
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Fig. 7: Solar sail configurations from 42U-4B(a) to 48U-6B(a). Green blocks represent 
payload unit(s) that can be used for electronics/controller and other scientific payloads, purple 
blocks represent solar sail units and yellow rectangular plates represent solar sails when 
extended. 
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Fig. 8: Jelly roll-formed solar sail roll stowed in the lower half of the 2U to 8U form factor. 
 This paper has been presented at the International Astronautical Congress, October 12-16th, 2015, Israel  
                                                           Page 12 of 21 
 
 
 
 
 
 
3. PERFORMANCE CHARACTERISTICS 
 
There are 2 metrics to determine solar sail spacecraft performance: 1) solar sail loading, and 2) characteristic 
acceleration. 
 
Calculation of a solar sail loading 
The solar sail loading is defined by the total spacecraft mass the solar sail needs to carry in mass per unit sail 
area. It is a system areal density that can be partitioned into two components, the sail assembly loading and the 
payload loading. The sail assembly loading is a ratio of the total mass of the solar sail and its associated solar sail 
structure to operate the solar sail area. The payload loading is a ratio of the non-sail assembly loading to the solar sail 
area. In this study, the total spacecraft mass the solar sail needs to transport uses a standard of 1 CubeSat unit scale of 
1.33 kg30. Comparisons of solar sail loading to payload units (non-sail unit) of all 30 configurations are shown in Fig. 
10. Payload units are non-sail space and are measured as payload CubeSat units. These payload units are dedicated 
for electronics/control units required to operate the spacecraft and other scientific payloads. It can be observed that 
Fig. 9: Jelly roll-formed solar sail stowed in the lower half of the 8U and 10U form factor. Two 
reel solar sail rolls are stowed at the two ends of the top half of the spacecraft, forming a hybrid 
configuration, 8U(a)-JR and 10U(a)-JR. 
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the payload units of the 24U-2B(a), 24U-4B(a), 24U-4B(b), 24U-4B(c), 24U-4B(d), 27U-4B(a), 27U-4B(b) and 
30U-6B(a) are considerably high and their solar sail loadings are high as well compared to other configurations. That 
means the solar sail areas are small compared to the total load these configurations need to carry. 30U-4B(a), 36U-
4B(a), 36U-6B(a), 42U-4B(a), 42U-6B(a), 45U-4B(a), 45U-6B(a), 48U-4B(a) and 48U-6B(a) are considered to be 
good configurations as their solar sail loadings are small while their payload spaces are high, Table 3.  
 
Heliogyro 
Configurations 
Sail Loading 
[g/m2] 
Empty Units 
[U] 
30U-4B(a) 13.56 16 
36U-4B(a) 14.13 20 
36U-6B(a) 22.25 24 
42U-4B(a) 14.38 24 
42U-6B(a) 17.51 26 
45U-4B(a) 17.28 29 
45U-6B(a) 22.40 31 
48U-4B(a)  14.58 28 
48U-6B(a)  20.01 32 
Table 3: Heliogyro configurations of which solar sail loadings are considerably low when compared to payload units 
for payloads. 
 
Calculation of a solar sail characteristic acceleration 
A solar sail’s characteristic acceleration can be determined from, 
 
 
 
 
where σ is the solar sail loading introduced in a previous section, ƞ is the solar sail efficiency (reflectivity) which is 
typically 0.9, and P is the solar radiation pressure exerted on a perfectly absorbing surface at 1 AU (astronomical 
unit) and is 4.56 x 10-6 N/m2. The factor of 2 takes into account reflected and absorbed solar radiation pressure on a 
perfectly absorbing/reflective surface. For a 6U-2B(a) CubeSat configuration, giving a total mass of 7.98 kg (1U 
CubeSat weighs 1.33 kg), and a total sail area when fully extended of 717 m2, the characteristic acceleration is 
calculated to be ~0.74 mm/s2. The sail area is calculated from the total length (Equation 2) when the outer and inner 
diameter of the solar sail roll are 80 mm and 10 mm, respectively, and the solar sail width is 145 mm for the 2U 
length scale. 
Fig. 11 suggests that the characteristic accelerations follow the trends of the solar sail area more so than the total 
mass. It can be observed that the characteristic acceleration does not only depend on the spacecraft dimensions, but 
also depends on the solar sail installation configuration. The solar sail installation configurations influence the mass 
ratio (ρ). That means the larger dimensions do not always provide larger characteristic acceleration, e.g. the 
configurations 24U-2B(a), 24U-4B(d), 27U-4B(a), 27U-4B(b), 30U-6B(a), 36U-4B(a), 36U-6B(a), 42U-4B(a), 42U-
6B(a), 45U-4B(a), 45U-6B(a), 48U-4B(a), 48U-6B(a) have smaller characteristic accelerations than the 6U, 9U, 12U 
and 18U-series such as 6U-2B(a), 6U-4B(a), 6U-4B(b), 9U-2B(a), 9U-4B(a), 12U-4B(a), 18U-4B(a), 18U-8B(a) and 
24U-4B(a) (Fig. 11 and  Table 4). 
However, these large spacecraft produce smaller characteristic accelerations because their payload units take 
more than 55% of the total spacecraft units, while the smaller configurations mentioned here have payload units less 
than 40% of the spacecraft units. The 12U-4B(a) configuration has the largest characteristic acceleration compared to 
others because it has the smallest payload units (2U) compared to other configurations. These 2U payload units can 
only accommodate communications, electronics and control subsystems, leaving no payload space for scientific 
payloads. These results suggest that the amount of payload units (to produce large characteristic accelerations) when 
compared to the total allowable spacecraft units should be less than 40% and optimized at approximately 33% 
depending upon application requirements. 
 
 
 
 
 
σ
ηPa 2=
[3] 
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Fig. 10: Spacecraft mass per total solar sail area (solar sail loading) and payload space unit of 30 CubeSat form factor 
Heliogyro configurations. The payload space is measured in CubeSat unit form factor. 
Fig. 11: A plot of total mass of the Heliogyro configuration spacecraft (based on CubeSat scale from 6U to 48U,  
IKAROS and NanoSail-D), full sail area and characteristic acceleration. This plot does not include scale but provides 
a rough comparison of each parameter. 
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Considering Fig. 12 and Fig. 13, 18U-4B(a), 18U-8B(a) and 24U-4B(a) are considered to be good configurations 
as they produce characteristic accelerations of 0.85, 0.73 and 0.75 mm/s2, respectively. With a characteristic 
acceleration of 0.75 mm/s2, the spacecraft can travel to Mercury’s orbit in less than a year and to Mars’ orbit in less 
than 2 years10. When considering solar sail loading, payload units and characteristic accelerations, the 18U-4B(a), 
18U-8B(a), 24U-4B(a) configurations have large characteristic accelerations (> 0.7 mm/s2) with low solar sail 
loading and payload units occupying between 28% and 41%, of total spacecraft units, see “Heliogyro configuration” 
labels, in bold, in Table 5.  The percentage of occupied payload units (between 28% to 41%) to produce large 
characteristic accelerations fall into the range that suggests it should be <40% when compared to the allowable 
spacecraft units as mentioned above. For mid-range characteristic accelerations (0.5 to 0.7 mm/s2), the solar sail 
loadings of 24U-4B(b), 24U-4B(c), 30U-4B(a), 36U-4B(a), 42U-4B(a) and 48U-4B(a) are between 12 – 15  g/m2, 
and they have a percentage of payload units to the whole spacecraft units between 50 – 60%. The 18U-4B(a) 
configuration has 6U payload units which can accommodate the CubeSat standard spacecraft communications and 
control subsystem and a small Earth/Sun observation camera or particle detectors/sensors and the solar sail loading is 
low compared to other configurations. For a CubeSat requiring more payload, the 24U-4B(a) 24U-4B(b), 24U-4B(c) 
and 30U-4B(a) configurations are good options with low solar sail loadings and high characteristic accelerations. 
However, these suggestions depend on the mission requirements such as payload space and characteristic 
acceleration, which define spacecraft orbital requirements including station-keeping or interplanetary travel. 
 
 
 
Heliogyro 
Configurations  Payload Units [U] 
% of payload units 
to the whole spacecraft 
units  
Characteristic 
Acceleration [mm/s2] 
6U-2B(a) 2 33.33 0.74 
6U-4B(a) 2 33.33 0.71 
6U-4B(b) 2 33.33 0.71 
9U-2B(a) 3 33.33 0.85 
9U-4B(a) 3 33.33 0.73 
12U-4B(a) 2 16.67 1.00 
18U-4B(a) 6 33.33 0.85 
18U-8B(a) 5 27.78 0.73 
24U-2B(a) 16 66.67 0.43 
24U-4B(a) 10 41.67 0.75 
24U-4B(d) 14 58.33 0.50 
27U-4B(a) 15 55.56 0.57 
27U-4B(b) 16 59.26 0.45 
30U-6B(a) 18 60.00 0.44 
36U-4B(a) 20 55.56 0.58 
36U-6B(a) 24 66.67 0.37 
42U-4B(a) 24 57.14 0.57 
42U-6B(a) 26 61.90 0.47 
45U-4B(a) 29 64.44 0.47 
45U-6B(a) 31 68.89 0.37 
48U-4B(a) 28 58.33 0.56 
48U-6B(a) 32 66.67 0.41 
    
Table 4: Comparisons of large and small Heliogyro spacecraft configurations with various payload units and  
      characteristic accelerations. The payload units are non-sails units.   
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Fig. 12: Trend of characteristic acceleration of 30 spacecraft configurations, IKAROS, NanoSail-D and LightSail. 
Fig. 13: Heliogyro Spacecraft mass per solar sail area, payload space (in a CubeSat form factor) and characteristic  
acceleration calculated at 1 AU and at a solar sail full length. The scale of this plot represents the spacecraft mass 
per solar sail area [g/m2] and payload space CubeSat form factor (U). 
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When considering commercially available right angle gearhead motors, discussed in section II, the maximum 
(12U-4B(a)) and minimum (45U-6B(a)) characteristic accelerations are 190 and 70 times greater than the IKAROS 
characteristic acceleration, respectively. The maximum (12U-4B(a)) and minimum (45U-6B(a)) characteristic 
accelerations are 49 and 18 times greater than the NanoSail-D characteristic acceleration, respectively. The 
maximum (12U-4B(a)) and minimum 45U-6B(a) characteristic accelerations are 16 and 6 times greater than the 
LightSail characteristic acceleration, respectively. The solar sail loading of IKAROS, NanoSail-D and LightSail are 
1610, 399 and 125 [g/m2], respectively, Table 5. The solar sail loading of (12U-4B(a)) and (45U-6B(a)) 
configurations are 8.17 and 22.40 [g/m2], respectively. 
 
Trends of characteristic accelerations of heliogyro, jelly roll and hybrid heliogyro-jelly roll configurations from 
2U to 24U configurations suggest that the heliogyro types allow various configurations of the solar sail propulsion 
units resulting in various characteristic accelerations, while, the jelly roll and the hybrid types allow a single 
configuration for each unit. It can be observed that the jelly roll type of 12U and lower show low to mid-range 
characteristic accelerations of the heliogyro configurations, while larger than 12U’s characteristic accelerations are in 
the high range of the heliogyro configurations, Fig. 14. This can be explained from the trend of the solar sail loading, 
left axis of Fig. 15. The solar sail loading of the jelly roll configuration decreases as the configuration gets larger; 
while for the lower range of the solar sail loading of the heliogyro configurations, the results do not show significant 
variations when the configuration is increased. The hybrid types’ characteristic accelerations stay in the high range of 
the reel and jelly roll configurations with insignificant decreases in characteristic accelerations as the size increases. 
This is because the hybrids’ solar sail loadings are lower than the other two deployment types, and the hybrid’s solar 
sail loading does not dramatically increase with size. Thus, the suggestion is to have approximately 30% to 40% of 
payload space compared to the full spacecraft to produce large characteristic acceleration (> 0.8 mm/s2). As 
expected, when considering influences of the percentage of payload space units to the full spacecraft unit and solar 
sail loading to changes in characteristic acceleration, the trends from Fig. 15 suggest that the solar sail loading has a 
Table 5: Heliogyro configurations with considerably large characteristic accelerations, large payload spaces and low 
sail loading. The shaded area contains configurations that were considered as good configurations discussed in 
subsection “Calculation of a solar sail loading” and Table 3. 
Heliogyro 
Configurations  
Sail 
Loading  
[g/m2] 
Payload Units 
[U] 
% of payload 
units to the whole 
spacecraft units 
Characteristic 
Acceleration 
[mm/s2] 
IKAROS 1610 N/A N/A 0.005 
NanoSail-D 399 1 N/A 0.021 
LightSail  125 2 63.84 0.066 
12U-4B(a) 8.17 2 16.67 1.00 
18U-4B(a) 9.68 6 33.33 0.85 
18U-8B(a) 11.25 5 27.78 0.73 
24U-4B(a) 10.94 10 41.67 0.75 
24U-4B(b) 13.30 12 59.26 0.62 
24U-4B(c) 12.90 12 50.00 0.64 
30U-4B(a) 13.56 16 53.33 0.61 
36U-4B(a) 14.13 20 55.56 0.58 
36U-6B(a) 22.25 24 66.67 0.37 
42U-4B(a) 14.38 24 57.14 0.57 
42U-6B(a) 17.51 26 61.90 0.47 
45U-4B(a) 17.28 29 64.44 0.47 
45U-6B(a) 22.40 31 68.89 0.37 
48U-4B(a)  14.58 28 58.33 0.56 
48U-6B(a)  20.01 32 66.67 0.41 
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direct impact on the characteristic accelerations when compared to the payload spaces, and it shows an inverse 
relationship to the characteristic accelerations. 
 
 
 
 
 
 
 
 
 
 
Fig. 14: Trends of the heliogyro, jelly roll and hybrid heliogyro-jelly roll solar sails. Multiple dots of heliogyro 
configurations at identical CubeSat form factor refer to multiple heliogyro configurations at one CubeSat form 
factor. 
Fig. 15 Solar sail loadings and percentages of payload space units to the spacecraft units of jelly roll, heliogyro and 
hybrid configurations. Multiple dots of heliogyro configurations at identical CubeSat form factor refer to multiple 
heliogyro configurations at one CubeSat form factor. The solid dots refer to solar sail loadings and the hollow dots 
refer to % of payload space unit to full spacecraft units. 
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Accelerations at different locations in the solar system 
The solar radiation pressures (assuming that they are exerted on a perfectly absorbed surface) varies at different 
locations in the solar system, Table 6. This leads to changes in the calculated acceleration as these Heliogyro solar 
sail spacecraft experience different solar radiation pressures. The relationship between acceleration (equation 3) and 
each of the spacecraft configurations can be observed in Fig. 16.  Here, the acceleration the spacecraft can produce in 
proximity to Mercury is 148% more than when the spacecraft were to operate at 1 AU, while the accelerations 
reduce to -186% lower than at 1 AU when operated at the Jupiter. It can be concluded that if the solar sail spacecraft 
are expected to operate at distances farther from the Earth, the spacecraft must accommodate a larger solar sail area 
than if they are operating at proximity distances from the Sun, such as Mercury and Venus. Some methods to 
accommodate larger solar sail thin films are to use more advanced solar sail films with less areal density, and higher 
tensile strength to allow longer blades. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Theoretical solar radiation pressure at planets in the solar system. AU = astronautical unit.  
 
The large characteristic acceleration is highly suitable for long distance/duration, multi-mission and 
interplanetary missions because these heliogyros can travel with increasing velocity to various locations in space. 
The ability to adjust the acceleration and velocity vector through individual blade extension and retraction, and 
offsetting the planetary gravitational force, enables station-keeping capability at various distances, which is a unique 
characteristic of a heliogyro. 
Locations in the Solar 
System 
µPa 
[µN/m2] 
% difference of accelerations compared 
to at 1 AU 
Mercury 60.6 148 
Venus 17.4 62 
Earth: 1AU 9.1 0 
Mars 3.91 -80 
     Jupiter      0.34 -186 
Fig. 16: Accelerations of Heliogyro spacecraft configurations (mm/s2) at different locations in the solar system. 
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4. SUMMARY 
 
Study of the usage of solar photon pressure to propel spacecraft has been investigated since early 1900s. The idea 
is to receive momentum from the incidents of solar pressure onto a so-called solar sail thin film. The first momentum 
impulse occurs when the solar photon impacts the solar sail thin film, and the second momentum impulse occurs 
when the solar photon reflects/scatters out from the solar sail thin film. Thus, the key is to have large solar sail film 
while keeping the payload minimal in order to maximize the acceleration of the spacecraft. So far, only several 
masted configurations have been launched and demonstrated the deployment in space: three were square-shaped 
solar sails, and one was a circular-shaped solar sail. However, these configurations tend to get heavier and difficult to 
control during the deployment when larger solar sail areas are needed. In order to cope with the problem of mass, 
controllability, and manufacturing issues caused by the deployment of the folded masted-type sail, a heliogyro-
configured solar sail was proposed in the-late 1960s. Here, a solar sail is stowed as a roll and unfurled during 
deployment without needing added structure to rigidize the sail during deployment. This requires the spacecraft to 
constantly spin, using centrifugal force to unfurl the solar sail roll and keep it taut during operation.  
 
This paper presented 30 Heliogyro-configured solar sail spacecraft concepts ranging from 6U - 48U for different 
mission purposes. In addition, a jelly roll and hybrid configuration were introduced.  
 
The calculated characteristic accelerations showed that the Heliogyro (12U-4B(a)) configuration generates the 
maximum characteristic acceleration of 190, 49 and 16 times greater than the IKAROS, NanoSail-D and LightSail 
characteristic accelerations, respectively. The 45U-6B(a) configuration shows the minimum characteristic 
acceleration of 70, 18 and 6 times greater than the IKAROS, NanoSail-D and LightSail characteristic accelerations, 
respectively. The solar sail loadings of IKAROS, NanoSail-D and LightSail are 1610, 399 and 125 [g/m2], 
respectively. The solar sail loadings of 12U-4B(a) and 45U-6B(a) configurations are 8.17 and 22.40 [g/m2], 
respectively. However, the 45U-6B(a) configuration shows much lower different characteristic acceleration than 
IKAROS, NanoSail-D and LightSail because it has almost 70% of the payload units (31 non-sail units) to the whole 
spacecraft units (45 units). Thus, it allows much more space for scientific payloads to be carried onboard.  
 
The jelly roll configurations from 12U and lower have low to mid-range characteristic accelerations when 
compared to the heliogyro configurations. For configurations larger than 12Us, the jelly roll characteristic 
accelerations are in the high range of the heliogyro configurations. The hybrid (heliogyro-jelly roll) types’ 
characteristic accelerations remain in the high range of the heliogyro and jelly roll configurations with insignificant 
decreases in characteristic accelerations as the size increases. These differences are influenced by the solar sail 
configurations and solar sail loading.  
 
The analyses suggest that for the heliogyro configurations, the amount of payload units, when compared to the 
whole spacecraft allowable units, should be less than 40% to produce characteristic accelerations > 0.7 mm/s2.  The 
optimal amount is approximately 33% to produce high characteristic acceleration. While for the hybrid 
configuration, the suggested amount of payload units when compared to the allowable spacecraft units should be 
between 30 – 40% to produce characteristic accelerations > 0.8 mm/s2.  
 
The advantages of the heliogyro configuration are that varieties of payload arrangements can be expected from 
identical CubeSat units. This allows varieties of payload arrangements to serve for different missions as well as 
allowing varieties of payload redundancies arrangements. Unlike the heliogyro configuration, there are no 
configuration varieties that can be expected from identical CubeSat units of jelly roll and hybrid configurations as the 
lower half of the units are dedicated to the solar sail deployer. The jelly roll and hybrid configurations limit payload 
arrangements to be along the length. This causes difficulties as CubeSat deployers add units along the thickness and 
not lengthwise. The disadvantage of the jelly roll configuration is that it cannot steer as both blades can only 
extend/retract with the same length. Thus, unbalanced solar pressure will not develop to allow steering. Another 
disadvantage of the jelly roll configuration is that there is no redundancy as both blades are rolled from the same roll. 
The hybrid configuration provides redundancy compared to the jelly roll configuration and allows steering.   
 
Percentage differences of the solar radiation pressure at several planets in the solar system were presented and it 
was observed that if the Heliogyro solar sail spacecraft is to be operated at the Mercury, Venus, Mars and Jupiter 
locations, the accelerations of this same configuration will be varied by +148%, +62%, -80% and -186% when 
compared to the Earth location. That means to compensate for loss of solar radiation pressure beyond Earth, larger 
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solar sail area is required. Thus, the Heliogyro solar sail configuration is the better option compared to the masted-
type configuration as it allows larger solar sail areas to be carried onboard. Modifications to compensate for lost solar 
radiation pressure can be made using more advanced solar sail thin film material with lower areal density.  
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